Model systems are systems that are used to simplify complex phenomena and to understand otherwise elusive processes.' An animal model for human disease can be defined as a homogenous set of animals which have an inherited, naturally acquired, or experimentally induced biological process, amenable to scientific investigation, that in one or more respects resembles the disease in humans.2 3
Elusive and complex as a precise understanding may be, virtually all definitions of osteoarthritis express the disease as transient and progressive structural changes in joint tissues, principally articular cartilage, subchondral bone, synovium, and synovial fluid.4 Articular cartilage oedema, fibrillation, and erosion accompanied by chondrocyte proliferation and decreased staining of matrix proteoglycans, subchondral bone thickening, deformation of the articular surface, osteophyte formation, synovial intimal cell hyperplasia, and synovial fibrosis are some of the standard features associated with osteoarthritis. These changes result from a poorly understood but very large series of functional events which may occur over a large fraction of the life of each affected individual. Biochemical, cell or organ culture models can provide information and insight concerning the mechanisms for functional events within cartilage, bone or synovium or selected cells within these tissues. These ex vivo models, inherently more highly controlled than animal models, are most useful for understanding short term biological events, and events isolated from the physiological influences of adjacent structures and general metabolism.
As yet, ex vivo models cannot simulate the structural changes which occur in joint tissues in animals over months to years. Hence, animal models for osteoarthritis are required to study how the complex structural changes in tissues evolve over time, spontaneously or following experimental injury, and to determine how constitutive, environmental or biomechanical risk factors4 may initiate, promote, or otherwise regulate these changes (table 1) .
Animal models are also needed to show how therapeutic strategies may ameliorate, resolve or prevent osteoarthritis.6 8
The decision to use a particular animal model to study osteoarthritis is governed by criteria of relevance, appropriateness, and availability.3 9 10 Relevance refers to the comparability of the phenomenon studied in animals to the corresponding process in human disease. Animals with characteristics similar to human disease as well as animals with features that differ in a known specific manner from human osteoarthritis may provide relevant models. Appropriateness refers first to the need to use animals rather than simpler models to investigate the process in question and second to the specific criteria that make one set of animals more appropriate than others for the experimental goals and objectives. Simplicity, predictability in reproducing circumscribed aspects of the disease, as well as the capacity to induce new insight, are appropriate factors when animal models are considered.9 For example, to test drug effects on an animal model, simplicity and predictability are paramount whereas to understand pathogenesis, a more complex model that more closely mimics human disease may be more appropriate. Availability criteria refers to practical factors such as adequacy of animal supply, the presence of controls, the ease of handling and environmental maintenance, as well as costs (table 2) . Animal models for osteoarthritis: processes, problenms and prospects There are several stages in the development of animal models for osteoarthritis (table 3) . Firstly, the disease is identified or induced in a set of animals. With spontaneous disease, this may result from incidental comparative pathology observations or more rarely as with primate CPPD crystal arthropathy, from a deliberate search for the disease."'-13 Secondly, availability criteria must be considered. Animal models requiring colonies of large animals such as dogs or primates are available only within special facilities. Thirdly, the biological similarities and differences between the model and human disease must be demonstrated. Finally, when the model is well characterised, features of the model become useful to test hypotheses related to the pathogenesis or therapy of osteoarthritis.
Controlled investigation of structural changes in human osteoarthritic joints has severe limitations.'0 14 1 ' Humans with osteoarthritis have extensive genetic heterogeneity, and a varied nutritional, biomechanical, and pharmacological history, all of which can be only incompletely ascertained by epidemiological methods. Further, the lack of precise noninvasive methods to identify early disease, the relative inaccessibility of diseased tissues for sampling and even greater limitations in obtaining control tissues are obstacles to using human tissues for the study of osteoarthritis. '6 This implies that to model the changes in joint organisation in osteoarthritis experimentally, a holistic system analogous to humans, namely animal models, is required.
Conceptually, by simulating osteoarthritic structural changes, animal models can demonstrate the sequence and specificity of each identified structural feature. By correlating the structural changes with putative systemic biological factors, the association of each factor with each change can be assessed. By manipulating the animal model pharmacologically or physically, factors that regulate the onset, progression, or control of osteoarthritis may be identified. Although osteoarthritis affects other joints such as the intervertebral discs of the spine as well as synovial joints, models for spinal osteoarthrosis are beyond the scope of this review.
This paper discusses the types of animal models that have been used to study osteoarthritis affecting synovial joints, the features, advantages and disadvantages of each class of models, and the insights into an aetiopathogenesis that may be obtained from the study of selected animal models. The reports cited emphasise the advances of the past decade. For previous work see reviews by Gardner, '7 Bentley,'" Arlet we will continue to use the term arthrosis to denote each class of model disease. To conform to current terminology, each particular model will be referred to as arthritis. To emphasise the role of the biological reaction to injury in the pathogenesis of mechanically induced models, we will refer to these models as biomechanical models. As described below, the concept of experimentally induced biomechanical and structural arthroses can be extended from monoarticular arthroses to include polyarticular models. As expected, spontaneous disease models are exclusively models of polyarticular disease (table 4) . Experimental monoarticular Polyarticular osteoarthritis models As described in previous reviews, all experimentally induced monoarticular osteoarthritis models are essentially joint injury and repair models'0 14 15 17 21 (tables 5, 6). Common features of these models include the ability to define precisely the type of injury, the severity of injury as well as the time of onset and progression and to relate these events to * markers of disease activity. Appropriate controls are readily available in the contralateral * joint. However, as even local lesions may have systemic or biomechanical effects in the contralateral limb, controls from joints of age matched animals are preferred. The principal limitation of these models is that the experi-* mental injury is induced over a short time 8Pitzker and is superimposed rapidly on normal joint structure at the age of the animal studied. These models are therefore particularly useful for understanding responses of joint tissues to specific injuries as well as for simulating the onset and evolution of secondary monoarticular osteoarthritis.
Monoarticular biomechanical arthrosis Monoarticular biomechanical arthroses are of two types: joint instability models and displaced biomechanical load models (table 5) . The first joint instability models were induced by patella dislocation22 and patellectomy.23
These procedures in which extensive surgical disruption of the joint produced joint instability led rapidly to severe erosive and proliferative lesions of all joint tissues.
To study the development of lesions, joint instability models producing less severe injury and more gradual progression of degenerative changes were required. The first joint instability models meeting these criteria were established by Pond and Nuki2' who refined In summary, experimentally induced biomechanical arthrosis models are useful for simulating joint injury and repair. In selected models, a progressive degenerative arthritis can be modelled. Further, these models are useful to study both the adverse and beneficial effects of joint motion and joint loading on articular tissues.
Experimental structural arthroses In contrast to biomechanical arthroses in which altered loads affect previously normal tissues, experimental structural arthroses are models in which the tissue composition of one or more structural components of joints is degraded. This structural alteration can adversely affect tissue mechanics resulting in increased susceptibility to injury and varying incapacity to complete the repair process. Structural arthroses can be monoarticular, confined to one tissue within a joint, for example, cartilage, or even restricted to one portion of a joint surface. Alternatively, local structural arthrosis models can be devised to affect tissues of an entire joint. In these models, the nature of the injury is controlled by the selection of the agent, the dose, and frequency of application. Polyarticular structural arthroses models either experimentally induced or identified as spontaneous disease in certain animal groups have been extensively investigated. As discussed below, the appropriate choice of model depends on the experimental question addressed. These considerations have led to more controlled models in which specific biological mediators such as interleukin-1, tumour necrosis factor, substance P or transforming growth factor-,-2 (TGF-P32) are injected intraarticularly. 14-146 Intra-articular interleukin-1 injection in C57/BL/1O mice produces cartilage proteoglycan degradation and suppression of cartilage proteoglycan synthesis without antecedent inflammation.'44 These effects are prolonged in older animals. In these models, interleukin-I (IL-1) has a more direct effect on proteoglycan synthesis inhibition than stimulation of proteoglycan degradation.'47 As matrix degradation following IL-1 injection is mediated by metalloproteinases, this model has been used to determine the protective effect of serine proteinase inhibitors such as protease nexin-1 (PN-1) on cartilage proteoglycan content. 148 Corticosteroid arthrosis appears to model the calcium apatite deposition which occurs spontaneously in the cartilage of old rabbits. '54 At present, no experimental method is available to induce calcium pyrophosphate dihydrate crystal deposition in articular cartilage.
An old but instructive example of local structural arthrosis is the model induced by the intra-articular injections of saline. 105 This model has recently been used by Vasilev et al '55 to study chronic synovitis beyond one month following injection. Two morphological features of chronic osteoarthritis, synovial lining cell hyperplasia and intrasynovial fibrosis develop within 60 days following intra-articular saline injections.155 Although the specificity of these changes for osteoarthritis has been questioned,'7 Soren has shown that without lymphocytic inflammation, these synovial features are characteristic of degenerative arthritis. '56 As models for the effects of synovitis and its sequelae, intra-articular injection of urate, calcium pyrophosphate dihydrate or cholesterol crystals have been used.157 The effects of prolonged and more extensive synovitis can be studied by intra-articular injection of biologically non-degradable crystals such as magnesium tetrasilicate (talcum powder).158-160
The prolonged inflammatory effects of this agent involves mediators which activate cartilage and bone remodelling. Thus intraarticular crystal arthritis models should be regarded as a spectrum that include pure synovitis models, for example, urate, CPPD or cholesterol, and inflammation-cartilage degeneration models, such as, talcum powder injection.
Polyarticular structural arthroses Spontaneous osteoarthrosis in humans is commonly manifested as polyarticular disease.'6' This suggests that metabolic factors drive the pathogenesis of this disorder. Despite its prevalence, identification of human generalised osteoarthritis particularly in its early stages remains difficult. Therefore model polyarticular structural arthroses may be particularly valuable to elucidate the key features of early osteoarthritis and to understand the genetic, nutritional and other factors that result in degenerative articular disease. There are two classes of models for polyarticular structural arthroses (table 7) . Firstly, there are experimentally induced models in which a specific agent induces lesions with similarities to human osteoarthritis. Secondly, models can be developed from the study of spontaneous degenerative arthritis in animals. In these models, as in human osteoarthritis, the aetiological agent(s) and pathogenic mechanisms remain unknown.
Experimentally induced polyarticular structural arthroses After the introduction in 1949 of cortisone for the treatment of rheumatoid arthritis, extensive research on the production and attenuation of arthritis was undertaken using a variety of endocrine ablations and supplements."7 20 21 As useful as these studies were then, because of the lack of purity of endocrine extracts, frequency of inflammation, intercurrent infections and short time course of experiments, their relevance to clinical joint disease should be questioned.
The principle that nutritional and endocrine manipulation can promote the development of degenerative arthritis was demonstrated by the studies of Ruth Silberberg and colleagues. 162-172 C57 Bl mice fed a high fat diet supplement, more specifically 4% cholesterol, developed knee and spine arthritis.'68 169 Similarly the dietary substitution of Omega-3 fatty acids (Menhaden fish oil) for Omega-6 essential fatty acids (Safflower oil) produced cartilage fibrillation and ultrastructural retrogressive changes in rat chondrocytes.'73 An acute degenerative arthritis, interesting for its specificity to a particular region of cartilage, can be induced in immature animals by oral administration of quinolone analogues.'7 175 These drugs cause necrosis in the mid zone of articular cartilage where chondrocytes are replicating. This results in oedema which simulates the chondromalacia observed in the patella of adolescent human adults. Although the mechanism of this arthropathy is imperfectly understood, quinolones preferentially concentrate in the mid zone of immature articular cartilage. These agents bind specifically to circular DNA. It has been suggested that chondrocyte necrosis in this model is induced by the toxic effects of quinolone on chondrocyte mitochondrial DNA. '74 " Polyarthritis induced by autoimmunity relates primarily to rheumatoid arthritis pathogenesis. Nonetheless, there is considerable interest in how immune responses to cartilage degradation products such as Type II collagen and proteoglycan promote the progression of degenerative arthritis. 17684 The observations in these experimental disorders indicate that primary immunologically induced arthritis produces tissue effects substantially different from other models of osteoarthritis.
Spontaneous polyarticular structural arthroses Spontaneous osteoarthritis models include types of spontaneous degenerative osteoarthritis that occur in species other than humans'30 162 185-196 as well as studies of paleontological and osteological remains from humans and other species. [197] [198] [199] [200] The isolated occurrence of degenerative arthritis in an animal or a group of animals does not in itself constitute an experimental arthritis model. 89 201 202 While degenerative arthritis appears widespread amongst mature livestock and domestic animals, these groups are not usually available for research.89 203 Similarly, degenerative arthritis may occur commonly in feral or wild animal species. However, when these animals are incapacitated even slightly by arthritis, they are more likely to be available to predators than investigators. Thus the study of spontaneous degenerative arthritis has been confined to laboratory bred colonies of mice, rats, guinea pigs, dogs and more recently, rhesus monkeys.'30 162 185-187 [189] [190] [191] [192] [193] [194] [195] [196] Sokoloff, noted that degenerative osteoarthritis is rare in rats.204 It can be speculated that this phenomenon relates to the observation that most rat species retain functional epiphyseal cartilage throughout life. Consequently rat articular cartilage may have a less mature, more resilient composition than cartilage of other species. Recently Sokoloffs observations have been challenged by Mohr and Lehmann who studied the ankle joints of CD/BK Sprague Dawley rats, aged approximately 26 months. Histological features of osteoarthritis such as chondrocyte necrosis, cartilage fibrillation and subchondral bone plate remodelling were commonly found in these joints.196 These investigations indicate that aged rats can be susceptible to osteoarthritis. However, the ankle joint is an unusual site as it is relatively spared in human disease.
Degenerative arthritis in laboratory bred mice has been extensively studied in the C57BI162-167 170-172 and STR.IIN"85-187 [205] [206] [207] strains, the NZY strain'88 and in temporomandibular joints of ICR208 and SAM-P/3 strains. 209 In some models such as the substrain of C57BL/6 mice ultrastructural morphological abnormalities are evident in the superficial articular cartilage as early as two months of age.210 Studies of genetically well defined murine models have been particularly suitable to demonstrate sex differences (male predominance), nutritional, and hormonal effects as well as the polygenic inheritance of degenerative arthritis. Limitations include the short life span of animals (circa two years),21' and the male compared to female predominance found in human polyarticular osteoarthritis. Further limitations include lack of correspondence of some morphological changes to human disease,'7' 186 and the small amounts of tissue available for study in each animal. Walton has ascribed the degenerative arthritis in STR/IN mice to biomechanical factors, namely joint instability related to a propensity for patellar dislocation. Surgical stabilisation of the patella in these animals eliminated the development of osteoarthritis in the medial femoral/tibial comparunent.185 192 205 Recently the temporomandibular joints of two further murine strains, ICR and SAM-P/3 (Senescence accelerated mouse-prone) mice have been studied. 208 209 Quite apart from difficulties relating temporomandibular changes to other synovial joints, there is a lack of distinction between ageing and degenerative arthritic features in these animal studies.
Erosive and proliferative changes in cartilage with osteophyte formation has been observed in guinea pigs. 189 212 213 The cartilage lesions are usually mild. Accelerated spontaneous degenerative joint disease which is often associated with hip dysplasia has been observed in breeds of large dogs. '90 194 195 214 215 Lust et al have shown that compared with human osteoarthritis, the cartilage changes in a colony of Labrador retriever dogs appears relatively mild. Nonetheless, cartilage from osteoarthritic animals differs biologically from controls particularly in fibronectin content.215 Without hip dysplasia, degenerative arthritis occurs in old Labrador retrievers, as well as other canine species such as German shepherds and Beagles with a prevalence at necropsy of 35%. 130 195 216 Because of the presence of spontaneous degenerative joint disease in such species as guinea pigs and dogs, caution is required to interpret long term observations following experimentally induced biomechanical arthrosis such as anterior cruciate ligament transection in these animals.33 35 217 Two forms of degenerative arthritis, calcium pyrophosphate dihydrate crystal deposition disease12 218 and osteoarthritis'3 219 have been demonstrated in the rhesus macaque (Maccaca mulatta). While frequent in the most elderly animals, the difficulty of identifying early CPPD crystal deposition disease clinically has to date precluded the development of this species as a model for crystal deposition disease. In contrast, osteoarthritis appears in these animals following epiphyseal closure and progresses throughout life. The model is amenable to study as the disease has a high prevalence, age matched controls are available, the animals are free ranging, and the matrilineages can be clearly identified.'3 219 Further, the joints are sufficiently large to be suitable for radiological studies including MRI,220 221 biochemistry, and histology '9' 193 (figs 1-4) .
Osteoarthritis in the rhesus macaque develops from the age of five to 15 years, an accelerated process compared to humans but sufficient to develop structural, chemical, and biochemical13 191 193 219 220 changes in joints that closely resemble the features of polyarticular osteoarthritis in humans. Because of the extended time over which the osteoarthritis develops, this model is particularly suitable for the study of changes in cartilage collagen. As the organisation and distribution of cartilage collagen may be critically important to the studies in the colony223 224 and the preservation of osteological remains from the entire population. '98 199 While social correlates in this model remain to be determined, on the basis of osteological studies in this and other rhesus monkey populations, deRousseau identified the presence and demonstrated the prevalence of osteoarthritic lesions. '98 199 The value of osteological studies to demonstrate the prevalence, nature and severity of degenerative arthritic lesions has been shown by Rothchild.197 [236] [237] [238] [239] [240] [241] [242] arthritic activity.
It is likely that greater precision in construction and analysis of osteoarthritic animal models will circumscribe and identify specific patterns of tissue composition in diseased joints. This will facilitate distinction of patterns associated with genetic, constitutional and biomechanical determinants of osteoarthritis from each other and from those of normal ageing. Now that new and more precise methods of assessing tissue composition are available, correlation of tissue patterns with osteoarthritis determinants is dependent on more precise characterisation of each determinant. Ambitious as this may seem, several promising approaches exist or appear to be on the near horizon. Genetic analysis of spontaneous osteoarthritis models is now available by DNA fingerprinting.243 It is now feasible to induce selected molecular defects in structural proteins such as collagen by genomic manipulation of transgenic mice.244 Structural arthroses can be induced selectively to affect certain extracellular matrix components or via cytokines and other mediators to modulate a restricted range of articular cell activity.145 146 Spontaneous osteoarthritis models can be used to assess each tissue change as osteoarthritis develops. These changes can be compared with both age matched controls and to changes in human disease. As knowledge develops, the role of systemic factors that affect osteoarthritis activity or progression can be tested in these models. As biomechanical models become more refined, these studies will relate the applied forces to mechanisms of absorbed energy dissipation including changes in matrix water movement, conformation of matrix macromolecules and articular cell activity. Clearly, biomechanical 828X46.
